Introduction
============

Hypertension is an important public health challenge, being the most frequent risk factor of cardiovascular disease and estimated to have a prevalence of 30%--40% of the general population.[@b1-dddt-13-949] Despite the availability of different antihypertensive drugs, BP remains inadequately controlled in a significant number of patients due to various reasons including poor medication dosage and/or low compliance, and also secondary hypertension and resistance to actual pharmacological therapies.[@b2-dddt-13-949] Resistant hypertension (RHT) is defined as uncontrolled BP (ie, failure to lower BP to a predefined threshold) despite concurrent administration of three antihypertensive therapies of different pharmacological classes at maximal or optimal doses, including a diuretic.[@b3-dddt-13-949] Usually, a renin-- angiotensin system (RAS) blocker is the first-line therapy, followed by calcium channel blockers and diuretics. The use of a fourth-line therapy is recommended, but the available choices often raise safety and tolerability issues. For example, the use of RAS blockers and mineralocorticoid receptor antagonists in patients with reduced renal function has been associated with an increased risk of adverse events (AEs), including hyperkalemia and heart failure.[@b4-dddt-13-949]--[@b6-dddt-13-949] Further, hypertensive patients often display numerous comorbidities such as chronic kidney disease and diabetes mellitus, requiring additional pharmacological treatment.[@b7-dddt-13-949],[@b8-dddt-13-949] Therefore, there is a substantial need to develop antihypertensive drugs with new mechanisms of action that show efficacy when added to the current available therapies.[@b9-dddt-13-949]

One of the possible new targets is the endothelin (ET) system, which has an increased activity under pathological conditions, including hypertension.[@b7-dddt-13-949],[@b10-dddt-13-949],[@b11-dddt-13-949] Endothelin-1 (ET-1) is a small (21 amino acids) peptide synthesized predominantly by the vascular endothelium.[@b12-dddt-13-949],[@b13-dddt-13-949] It is a potent vasoconstrictor that acts through two receptors, ET~A~ and ET~B~, predominantly located on the vascular smooth muscle cells and the endothelial cells, respectively.[@b14-dddt-13-949]--[@b16-dddt-13-949] Overall, in physiological conditions, ET~A~ receptor activation leads to vasoconstriction, whereas ET~B~ receptor activation mediates vasodilation through nitric oxide release.[@b15-dddt-13-949] Further, ET~B~ receptors are responsible for the clearance of ET-1[@b17-dddt-13-949],[@b18-dddt-13-949] and are also expressed in the medullary part of the kidney, where they are responsible for sodium and water regulation.[@b19-dddt-13-949] As RHT is frequently associated with volume expansion, which is a feature of the salt-sensitive, low-renin form of hypertension, antagonism of both ET~A~ and ET~B~ receptors may demonstrate greater efficacy in RHT compared to forms of hypertension with high/normal renin.[@b20-dddt-13-949]

Aprocitentan (ACT-132577) is a novel dual endothelin receptor antagonist (ERA) that potently inhibits the binding of ET-1 to ET~A~ and ET~B~ receptors. After administration of single oral doses of ≥10 mg/kg of aprocitentan in normotensive rats, an increase in plasma ET-1 concentrations was observed, suggesting an efficient blockade of ET~B~ receptors.[@b21-dddt-13-949] The potential of single- and multiple-dose administration of aprocitentan to decrease mean arterial pressure has been demonstrated in two rat models of hypertension, that is, in spontaneously hypertensive rats and in the deoxycorticosterone acetate (DOCA)-salt model of salt-dependent hypertension.[@b21-dddt-13-949] The effect was stronger in DOCA-salt animals, a model characterized by a lower plasma renin activity. Importantly, the effect of aprocitentan was shown to be synergistic with that of RAS blockers, allowing further decrease in BP without increasing the risk of renal impairment. This suggests that aprocitentan has the potential to be safely used in combination with RAS blockers.

Aprocitentan is the active metabolite of macitentan, which is a dual ERA approved for the treatment of pulmonary arterial hypertension.[@b22-dddt-13-949] As part of the registration package of macitentan, the tolerability, safety, pharmacokinetics (PK), and pharmacodynamics (PD) were extensively characterized.[@b23-dddt-13-949],[@b24-dddt-13-949] In this context, humans have been exposed to aprocitentan, albeit in a different exposure range. The PK of macitentan after multiple-dose administration showed that maximum plasma concentrations (C~max~) were reached at \~8 hours with a terminal elimination half-life (t~½~) varying between 14 and 19 hours. Accumulation at a steady state was limited, as indicated by an accumulation index (AI) between 1.4 and 1.7 for the different doses investigated. After single- and multiple-dose administration of macitentan, aprocitentan reached C~max~ at around 8 hours with a substantial longer t~½~ of 48 hours. Due to the longer t~½~, aprocitentan had a significantly higher AI of 7--10 over the dose range tested.[@b25-dddt-13-949]

The direct administration of aprocitentan should allow reaching higher exposure at a steady state compared to that observed after administration of the currently available approved dose of 10 mg macitentan. In this first-in-human study, we investigated the tolerability, safety, PK, and PD of single- and multiple-ascending doses of aprocitentan in healthy adult male and female subjects over a wide range of doses, as well as in elderly healthy subjects and in both the presence and absence of food.

Subjects and methods
====================

The study followed the principles of the Declaration of Helsinki and Good Clinical Practice, and the protocol was approved by an independent institutional review board (MidLands Independent Review Board, Overland Park, KS, USA). All subjects provided written informed consent prior to screening. The study was conducted at the Vince & Associate Clinical Research Unit (Overland Park, KS, USA).

Study design
------------

This study was a three-part (pilot study, single-ascending dose \[SAD\] part, and multiple-ascending dose \[MAD\] part) single-center study, testing doses of aprocitentan ranging from 5 to 600 mg in healthy male and female subjects. The doses were chosen using safety margins based on human equivalent dose, and aimed to help identify the maximum tolerated dose. Part A (the pilot study) had an open-label design and aimed to explore the PK of aprocitentan in healthy subjects. Parts B and C (SAD and MAD) had randomized, double-blind, placebo-controlled designs and aimed to provide tolerability, safety, and PK data following different doses in healthy subjects. Additionally, in Part B, the effect of food was investigated at a dose level of 100 mg. In Part C, PD was assessed, as well as a more detailed cardiovascular analysis was performed using Holter recording. The effect of age was assessed in one group of elderly subjects at a dose of 100 mg. Screening occurred from Day −21 to Day −11. In Part A, subjects were admitted to the clinic in the evening before study treatment administration and stayed until 240 hours thereafter. For Part B, they stayed in the clinic for 96 hours after treatment administration and assessments thereafter were performed on an ambulatory basis. For Part C, subjects were admitted two evenings before the first study treatment administration and were confined to the clinic until 48 hours after the first dose administration. They were asked to come back to the clinic 24 hours before and until 48 hours after the last treatment administration, and other assessments were performed on an ambulatory basis. For all parts, end-of-study (EOS) took place within 216--240 hours after the last study treatment administration and a safety follow-up was performed 30--33 days after the last study treatment administration (by phone call for male subjects and by an outpatient visit for female subjects).

Part A consisted of a pilot study in which the subjects received a single oral dose of 5 mg of aprocitentan after an overnight fast. Part B (SAD) consisted of four successive groups of eight healthy subjects receiving a single dose of the study treatment. In each group, after an overnight fast, six subjects received aprocitentan in ascending doses of 25, 100, 300, and 600 mg, whereas two subjects received placebo. To investigate the food effect on the tolerability and PK of aprocitentan, subjects in the 100 mg dose group returned to the clinic after a 14-day washout period and received the same study treatment after consuming a high-fat, high-calorie standardized breakfast. Part C (MAD) consisted of three successive groups of healthy subjects receiving multiple oral doses of the study treatment. In each group, six subjects received aprocitentan in ascending doses of 5, 25, and 100 mg once daily (qd) for 10 days, whereas two subjects received placebo. To investigate the effect of age on the tolerability and PK of aprocitentan, eight additional elderly subjects received the study treatment. Six elderly subjects received aprocitentan as multiple oral doses of 100 mg qd for 10 days, whereas two elderly subjects received placebo. An overview of the different elements in the study design of parts A--C is given in [Table 1](#t1-dddt-13-949){ref-type="table"}.

Study population
----------------

In this study (AC-080--101), 6 subjects were included in Part A, 32 were included in Part B, and 24 subjects as well as 8 elderly subjects were included in Part C. The male:female ratio was 1:1 in all parts of the study. Subjects were healthy based on medical history, physical examination, electrocardiogram (ECG), vital signs, and clinical laboratory tests. Subjects had to be between 18 and 45 years of age and between 65 and 80 years of age for the elderly group. They could not participate if they smoked, had a history of drug or alcohol abuse, were allergic to any excipient of the drug formulation, were using any medication, or had participated in another clinical trial in the last 3 months. Women of childbearing potential had to have a negative pregnancy test at screening and pre-dose on Day −1 of each treatment and had to agree to use a reliable method of contraception. Male subjects had to agree to use condoms and spermicide for up to 30 days after the EOS treatment.

Tolerability assessments
------------------------

All AEs that occurred after (first) study treatment administration and up to EOS were recorded.

Parts A and B: physical examination and body weight (BW) measurements were performed at screening and at EOS. Vital signs (pulse rate and standing and supine BP) and ECG were measured at screening, immediately before and at several time points after treatment administration and at EOS. Laboratory parameters (hematology, clinical chemistry, coagulation tests, and urinalysis) were performed at screening, Day 1 (before treatment administration), Day 2, and EOS.

Part C: physical examination was performed at screening and at EOS. BW, vital signs, and ECG measurements were performed at screening, immediately before treatment administration on Day 1, Day 2, Day 4, and Day 10, at various time points after study treatment administration, and at EOS. Laboratory parameters were performed at screening, immediately before treatment administration on Day 1, Day 2, Day 10, as well as on Day 11, and at EOS. In addition, for healthy adult subjects only, Holter recording was performed on Day −1 and on Day 10 for 24 hours. For the cardiodynamic analysis, ten ECG replicates were extracted from the Holter recordings from a 5-minutes window around each time point of PK blood sampling.

Before dose escalation, a thorough review of the tolerability, safety, and PK data of subjects from the previous group was performed by the safety review committee.

PK assessments
--------------

For the determination of aprocitentan in plasma, venous blood samples (4 mL each) were collected with K3-EDTA as the anticoagulant. Following centrifugation at 1,500×*g* for 10 minutes at 4°C, plasma was separated and frozen at −80°C±20°C pending analysis. In parts A and B, plasma samples were taken pre-dose on Day 1 and at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 15, 24, 36, 48, 72, 96, 120, 168, and 216 hours after treatment intake. In Part C, plasma samples were taken immediately before the first dose on Day 1 and at 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, and 15 hours post-dose on Day 1, pre-dose and 12 hours post-dose on Day 2, and pre-dose on days 3, 4, 5, 8, and 10, and 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 15, 24, 36, 48, 72, 96, 120, 168, and 216 hours post-dose on Day 10.

PD assessments
--------------

For ET-1 measurements in plasma from healthy adult subjects in Part C, blood samples (2 mL each) were collected at the same time points as PK plasma samples.

Bioanalytical method
--------------------

Samples were protected from light at all times. Analysis of aprocitentan was performed by a liquid chromatography coupled to tandem mass spectrometry method. To an aliquot of 30 µL of plasma, 120 µL of a 1:1 (v:v) mixture of acetonitrile/ethanol containing internal standard (penta-deuterated aprocitentan) at a concentration of 250 ng/mL was added. After protein precipitation, the samples were centrifuged for 20 minutes at 3,250×*g* and 4°C. Supernatants were diluted with 120 µL of water/acetonitrile (50:50, v/v), and aliquots of 2 µL were injected onto the HPLC column kept at room temperature (Kinetex C18, 50×3.0 mm ID, 2.6 µm column Phenomenex; Brechbühler, Schlieren, Switzerland). The concentrations of the analytes were determined using the internal standardization method. The response was determined by calculation of the calibration curve using a weighted linear regression (1/x^2^). The inter-batch precision was ≤5.8%, whereas the inter-batch accuracy was in the range from −6.7% to 0.6%. Incurred sample reanalysis was performed and met the acceptance criteria. The calibration range was 5.00--10,000 ng/mL. Study samples were 10-fold diluted when concentrations were above the upper range of the calibration range, by adding 10 µL of the study sample to 90 µL of human control plasma.

Plasma concentrations of ET-1 were determined using a validated ELISA (Quantiglo; R&D Systems GmbH, Wiesbaden-Nordenstadt, Germany) with a lower and upper limit of quantification (LOQ) of 0.3 and 15 pg/mL, respectively.

Data analysis
-------------

Tolerability parameters were analyzed descriptively. In parts B and C, all placebo-treated subjects in the different treatment groups were pooled for analysis of tolerability. Data were analyzed together for parts A and B and separately for Part C. For the cardiodynamic analysis, the relationship between aprocitentan plasma concentration and ΔQTcF (time-matched baseline-adjusted QT interval corrected with Fridericia's formula) was quantified using a linear mixed-effects model, with ΔQTcF as the dependent variable, drug plasma concentration as the covariate, and treatment (active or placebo) and time point as the categorical factors, and a random intercept per subject.[@b26-dddt-13-949] From the model, the slope (ie, the regression parameters for the concentration) and the treatment effect were estimated together with its two-sided 90% CI. The geometric mean of the individual C~max~ values for subjects in each of the active drug groups was determined. The population average placebo-adjusted ΔQTcF (ΔΔQTcF) and its two-sided 90% CI at the geometric mean maximum plasma concentrations were derived directly from the linear mixed-effects model. The assessment of the adequacy of the linear mixed-effects model was provided by a goodness-of-fit plot (ie, the observed concentration decile--ΔΔQTcF plot). It was used to check the assumption of linearity between plasma concentration of aprocitentan and ΔΔQTcF and how well the predicted ΔΔQTcF matched the observed data in the regions of interest. The goodness-of-fit plot was generated by binning the independent variable (ie, concentrations) into deciles. The mean ΔΔQTcF with 90% CI within each decile was computed and plotted at the corresponding median concentration within the decile. The decile ranges were added in the bottom of the graphs to illustrate the span of each decile and possible skewness of the tails. The ΔΔQTcF was derived from the individual ΔQTcF for aprocitentan subtracted by the mean predicted ΔQTcF for placebo from the model. The central tendency analysis for QTcF was based on a linear mixed-effects model with ΔQTcF as the dependent variable, time (categorical), study treatment (5, 25, and 100 mg of aprocitentan, and placebo), and time by treatment interaction as factors. Subject was included as a random effect for the intercept. A categorical analysis was also performed to identify categorical outliers for QTc, PR, QRS, heart rate (HR), and T-wave morphology. Subjects dosed with placebo were analyzed as a pooled group.

PK parameters were determined by non-compartmental analysis using Professional WinNonlin 6.4 (Pharsight Corp., Mountain View, CA, USA). The measured individual plasma concentrations of aprocitentan were used to directly obtain C~max~ and t~max~. The area under the plasma concentration--time curve from 0 to time t of the last measured concentration above the LOQ (AUC~0--t~) was calculated according to the linear trapezoidal rule, using the measured concentration-- time values. Values below LOQ were set to zero. AUC~0--∞~ was calculated by combining AUC~0--t~ and AUCextra. AUCextra represents an extrapolated value obtained by C~t~/λ~z~, where C~t~ is the last concentration above the LOQ and λ~z~ represents the terminal elimination rate constant determined by log-linear regression analysis of the measured plasma concentrations in the terminal elimination phase. The terminal half-life (t~½~) of aprocitentan was calculated as follows: t~½~=0.693/λ~z~.

In addition, in Part C, trough levels of aprocitentan were used to investigate the time to attainment of steady-state conditions. This was carried out by visual inspection of the mean trough plasma concentration--time profile. The measured individual plasma concentrations at steady state were used to obtain C~min~. AUC~τ~ was calculated according to the linear trapezoidal rule using the measured concentration--time values above the LOQ during one dosing interval. The AI was calculated by dividing AUC~τ~ on Day 10 by AUC~τ~ on Day 1. C~avg~ was calculated as AUC~τ~/τ, where τ represents the dosing interval. The peak-trough fluctuation was calculated using the equation: 100×(C~max~ − C~min~)/C~avg~. All AUC and C~max~ values were assumed to be log-normally distributed.

Statistical analysis
--------------------

Dose proportionality of PK of aprocitentan was explored by comparing C~max~ and AUC values, corrected for dose and log transformed, using a power model described by Gough et al.[@b27-dddt-13-949]

Differences in plasma PK variables AUC~0--t~, AUC~0--∞~, and C~max~ in Part B between the fed and the fasted (reference) states were investigated using a two-sided 90% CI of the ratio of the geometric means. Differences between fasted and fed t~max~ were explored using the median differences (non-parametric analysis) and their 90% CI using the fasted state as reference. The same analysis was used to compare plasma PK variables between healthy adult subjects (reference) and elderly subjects, and between male (reference) and female subjects.

Results
=======

Subject disposition
-------------------

Thirty-eight healthy subjects, consisting of 19 males and 19 females (age range: 18--44 years), participated in parts A and B of this study, and 34 subjects participated in Part C, consisting of 17 males (including 4 elderly) and 17 females (including 4 elderly). Age range in the healthy group was 25.1--29.3 years and in the elderly group was 67.8--70.0 years. Two subjects in two different cohorts in Part B discontinued the study prematurely (due to withdrawal of consent and for other reasons, respectively). Four subjects in Part C discontinued the study prematurely (two due to an AE and two for other reasons), among whom two were replaced after discussion between the sponsor and the investigator. All subjects were evaluable for tolerability and safety. In parts A and B, all subjects except one were evaluable for PK. One subject withdrew consent before the fed period and was excluded from the food effect analysis. In Part C, 23 subjects were evaluable for PK and 22 were evaluable for PD (the elderly subjects were not included in the PD analysis).

Tolerability of aprocitentan
----------------------------

No serious AEs or AEs leading to study discontinuation occurred in parts A and B. In Part C, no serious AEs occurred. Two subjects had AEs leading to discontinuation of the study treatment, the first one due to an AE of upper respiratory tract infection on Day 7, which resolved on Day 8, and the second one due to an AE of throat irritation reported after dosing on Day 1.

In parts A and B of the study, 16 of the 30 healthy subjects who were administered single doses of aprocitentan reported a total of 44 AEs ([Table 2](#t2-dddt-13-949){ref-type="table"}). In the placebo group, four of the eight subjects had at least one AE. Overall, most of the AEs were of mild intensity, except for moderate AEs reported by five subjects in the last three highest dose groups. The number of subjects reporting at least one AE increased with increasing dose, witĥ17%, 33%, 50%, 67%, and 100% of subjects reporting at least one AE in the 5, 25, 100, 300, and 600 mg aprocitentan dose groups, respectively. The most commonly reported AEs were headache, nausea, postural orthostatic tachycardia syndrome, and nasal congestion. All AEs resolved without sequelae at EOS, with the exception of three AEs in two subjects: furuncle in the 100 mg fed cohort (the only AE reported during fed conditions) and nasal congestion and acne in one subject in the 600 mg cohort. However, acne was reported as a medical condition at baseline by this subject.

In Part C, 13 of the 20 healthy subjects who were administered multiple doses of aprocitentan reported a total of 21 AEs ([Table 2](#t2-dddt-13-949){ref-type="table"}). In the placebo group, four of the six subjects reported at least one AE, with a total of ten AEs. Most AEs were of mild intensity, except for moderate AEs reported by two subjects, one in the 100 mg cohort and one on placebo. The number of subjects reporting at least one AE increased with increasing dose, witĥ57%, 67%, and 71% of subjects reporting at least one AE in the 5, 25, and 100 mg group, respectively. The most commonly reported AE was headache. All AEs resolved without sequelae at EOS, with the exception of two AEs in two subjects: leukopenia in the 5 mg cohort and vessel puncture site pain in the 25 mg group.

In the elderly cohort, five of the six subjects (83.3%) on 100 mg aprocitentan and one of the two subjects on placebo reported at least one AE. Headache was the most commonly reported AE, with four subjects on aprocitentan. All AEs were of mild intensity. One subject in this cohort had an AE of elevated ALT (3.8× upper limit of normal \[ULN\] vs 1.3× ULN at baseline) and AST (2.5× ULN vs 1.0× ULN at baseline), which was considered related to the study treatment by the investigator and resolved \~2.5 weeks after last study treatment administration.

Clinical laboratory evaluation revealed a decrease from baseline in hemoglobin following single-dose administration of 25, 100, 300, and 600 mg aprocitentan. However, this was not dependent on the dose. In Part C, the review of hemoglobin at steady state on Day 10 suggested a dose-related decrease with median decreases from baseline of 1.00, 1.30, and 1.60 g/dL for 5, 25, and 100 mg aprocitentan, respectively, whereas the median decrease from baseline was 1.10 g/dL in the placebo group. A similar observation was made in the elderly group, which displayed a median decrease from baseline of 1.5 g/dL at steady state on Day 10 compared to 0.70 g/dL in the elderly subjects treated with placebo. After multiple-dose administration of aprocitentan, similar mean and median decreases in hematocrit and red blood cells from baseline were observed in the aprocitentan and placebo groups. There were no other clinically relevant findings on laboratory variables and vital signs.

In Part C, the cardiodynamic analysis of change-from-baseline and time-matched, placebo-adjusted change-from-baseline values revealed no change in ECG variables QTcF, HR, PR, and QRS in relation to time of dosing and dose level. There were no subjects with a QTcF value \>450 ms at any time point on Day 10, and only one subject receiving 25 mg aprocitentan had a QTcF value ≥30 ms at one time point. The results of the exposure--response analysis are presented in [Figure 1](#f1-dddt-13-949){ref-type="fig"}. The adequacy and assumption of linearity of the linear mixed-effects model were confirmed by the goodness-of-fit plot. In the analysis, no concentration-dependent effect of aprocitentan on QTcF was identified, with a statistically not significant slope of the relationship of 4.17×10^−4^ ms/ng/mL (90% CI: −1.03, 9.36) and an intercept (ie, treatment effect: active -- placebo) of −0.0040 ms. The predicted ΔΔQTcF at the geometric peak of aprocitentan plasma concentration was 0.34 (90% CI: −5.52, 6.20) for the 5 mg group, 1.48 (90% CI: −4.07, 7.03) for the 25 mg group, and 5.53 (90% CI: −1.60, 12.66) for the 100 mg aprocitentan dose group. Overall, the exposure--response analysis demonstrated that at plasma levels beloŵ10 µg/mL, aprocitentan did not cause clinically relevant QTc prolongation. Results of the categorical analyses for HR, PR, and QRS showed no treatment-related pattern. There were no subjects with a QTcF value \>450 ms at any time point on Day 10, and one subject in the aprocitentan 25 mg group displayed a ΔQTcF value \>30 ms at one time point. One subject in the aprocitentan 100 mg group exhibited a notched T-wave at one time point on Day 10.

In Part C, after multiple-dose administration, mean increases from baseline in BW were observed in the aprocitentan dose groups, especially in the 100 mg dose group and the elderly group. In these groups, mean changes from baseline in BW ranged from −0.5 to +2.5 kg during the study ([Figure 2](#f2-dddt-13-949){ref-type="fig"}). In the placebo group, mean changes from baseline ranged from −1.1 to 0.9 kg.

Single- and multiple-dose administration of aprocitentan up to 600 and 100 mg qd, respectively, was well tolerated in male, female, adult, and elderly subjects. The tolerability and safety profile were not affected by food.

PK results
----------

In parts A and B, aprocitentan plasma concentrations were measurable for all subjects administered aprocitentan. The plasma concentration--time profiles of aprocitentan showed that C~max~ was reached 3--4 hours after administration of low (5 and 25 mg) doses, whereas absorption was slower for higher doses with a C~max~ reached 8.5--9 hours after administration ([Figure 3A](#f3-dddt-13-949){ref-type="fig"}). Thereafter, aprocitentan concentrations decreased slowly, with an apparent t~1/2~ ranging from 41.3 to 46.8 hours across the dose groups. A summary of aprocitentan PK parameters after single-dose administration is presented in [Table 3](#t3-dddt-13-949){ref-type="table"}.

Results of the Gough test indicate that after single-dose administration of doses up to 600 mg of aprocitentan, exposure to aprocitentan increased less than dose proportionally ([Table 4](#t4-dddt-13-949){ref-type="table"}). Indeed, the slope estimate and 90% CI of the estimate for C~max~ (0.78 and 0.73, 0.84, respectively) were outside of the critical interval for slope (0.86, 1.14). For AUC~0--∞~, the lower 90% CI (0.85) was just outside the critical limit of 0.86.

After a high-fat, high-calorie standardized diet, the rate of absorption was increased, as indicated by a median t~max~ reached 1 hour earlier in the fed condition ([Table 4](#t4-dddt-13-949){ref-type="table"}). When compared with the fasted state, exposure as based on AUC~0--t~ and AUC~0--∞~ was not substantially changed, with respective geometric ratios (fed vs fasted) of 1.24 and 1.23. The elimination rate was unchanged, based on a geometric mean ratio of t~1/2~ of 1.05 ([Figure 3B](#f3-dddt-13-949){ref-type="fig"}; [Tables 3](#t3-dddt-13-949){ref-type="table"} and [4](#t4-dddt-13-949){ref-type="table"}).

Compared to male subjects, female subjects had longer t~max~ (median t~max~ 3--11 vs 3--8 hours) and a slightly higher exposure to aprocitentan in terms of both C~max~ and AUC. The ratios (females vs males) of geometric mean C~max~ and AUC~0--∞~ were 1.25 (90% CI: 1.04, 1.49) and 1.27 (90% CI: 1.07, 1.52), respectively.

For Part C, the plasma concentration--time profiles are presented in [Figure 4A](#f4-dddt-13-949){ref-type="fig"}. Visual inspection of trough concentrations indicated that steady-state conditions were reached by Day 8 of dosing ([Figure 4B](#f4-dddt-13-949){ref-type="fig"}). After 10 days of multiple-dose oral administration of aprocitentan, the median t~max~ ranged from 4 to 7 hours. Both C~max~ and AUC~τ~ increased with dose ([Table 3](#t3-dddt-13-949){ref-type="table"}). At a steady state, t~1/2~ ranged from 41.6 to 48.8 hours and was not dependent on the dose. Accumulation of aprocitentan was moderate, with accumulation factors of 3.0--3.8 for the different doses when comparing the AUC~τ~ on days 1 and 10.

After multiple-dose administration, at a steady state, results of the Gough test showed that C~max~ and AUC~τ~ increased dose proportionally for doses up to 100 mg aprocitentan, with a slope estimate of 0.93 (90% CI: 0.85, 1.00) for C~max~ and of 0.94 (90% CI: 0.87, 1.02) for AUC~τ~ ([Table 4](#t4-dddt-13-949){ref-type="table"}).

Compared to male subjects, female subjects had slightly higher exposure to aprocitentan in terms of both C~max~ and AUC~τ~. The ratios (females vs males) of geometric mean C~max~ and AUC~τ~ for the last dosing interval were 1.38 (90% CI: 1.18, 1.60) and 1.37 (90% CI: 1.02, 1.56), respectively ([Table 4](#t4-dddt-13-949){ref-type="table"}).

In the elderly population receiving 100 mg aprocitentan qd, the rate of absorption was increased, as indicated by a median t~max~ reached 1.5 hours earlier (90% CI: −4.0, 2.0) for the last dosing interval ([Tables 3](#t3-dddt-13-949){ref-type="table"} and [4](#t4-dddt-13-949){ref-type="table"}). Compared to healthy adult subjects, elderly subjects had a slightly higher exposure to aprocitentan in terms of both C~max~ and AUC~τ~ both on Day 1 and Day 10. The ratios (elderly vs adults) of geometric mean C~max~ and AUC~τ~ for the last dosing interval were 1.31 (90% CI: 0.97, 1.78) and 1.21 (90% CI: 0.92, 1.58), respectively. No effect of age on the t~1/2~ of aprocitentan was observed.

PD results
----------

ET-1 plasma concentrations were similar between the placebo and 5 mg aprocitentan dose group. With doses of 25 and 100 mg aprocitentan, ET-1 plasma concentrations increased dose dependently. The increase was more pronounced on Day 10, when steady-state conditions had been reached. After the last dose of treatment on Day 10, plasma ET-1 concentrations slowly declined and returned to baseline by the end of the observation period at 216 hours after the dose.

After multiple-dose oral administration of 25 or 100 mg aprocitentan, ET-1 AUC~τ~ increased with dose both on Day 1 and Day 10 ([Figure 5](#f5-dddt-13-949){ref-type="fig"}), with the increase being more pronounced on Day 10 when steady-state conditions had been reached. No relevant differences between males and females were observed for any dose. The ratios (females vs males) of geometric mean AUC~τ~ for the first and last dosing interval were 0.93 (90% CI: 0.79, 1.10) and 1.02 (90% CI: 0.82, 1.26), respectively.

Discussion
==========

In this study, aprocitentan was administered for the first time to healthy adult and elderly male and female subjects. Single- and multiple-dose administration of aprocitentan was well tolerated up to 600 and 100 mg qd, respectively. AEs reported in this study were mostly mild and the most frequently reported one was headache. Cardiac evaluation of 24 hours Holter data after multiple-dose administration of aprocitentan did not suggest ECG effects both in the time-matched ECG interval analysis as well as exposure--response analysis. The use of concentration--response modeling of QTc data in early clinical studies, coupled with an extensive preclinical program, was proposed as an alternative to perform thorough QT studies to assess the risk of QT prolongation. In this study, the only out-of-range observation was the predicted ΔΔQTc after 10 days of treatment with 100 mg aprocitentan. However, the analysis included a low number of subjects per dose and on placebo and the variability of ECG parameters across groups was relatively large. The categorical analysis revealed no QTcF intervals higher than 450 ms. Overall, this suggests that at plasma levels beloŵ10 µg/mL, aprocitentan will not cause clinically relevant QTc prolongation and hence displays a low pro-arrhythmic potential.

No effect on BW was observed in parts A and B. In Part C, small increases in BW from baseline compared to placebo-treated subjects were detected only after multiple-dose administration of 100 mg aprocitentan. As BW gain could be the first indirect indicator of fluid retention, an important safety consideration with use of ERAs,[@b28-dddt-13-949]--[@b31-dddt-13-949] this observation should be considered when selecting doses for further clinical studies. However, due to the limited number of subjects per dose level and choice of a healthy subject population, more clinical studies are needed to confirm the results obtained. In particular, more data in elderly patients are needed as they are likely to have impaired kidney function and other comorbidities which can make them more prone to fluid retention.[@b32-dddt-13-949] At a steady state, there was a minor treatment- and dose-related decrease in hemoglobin and hematocrit, as reported with other ERAs.[@b33-dddt-13-949] No treatment-related pattern was observed in other clinical laboratory parameters or in vital signs. The presence of food did not influence aprocitentan tolerability.

After single- and multiple-dose administration, the plasma concentration--time profiles of aprocitentan were characterized by a C~max~ attained between 3 and 9 hours after administration and a long t~½~ of \~44 hours. The t~max~ increased with the dose of aprocitentan, suggesting that the absorption is slower at doses higher than 100 mg, probably due to the poor water solubility of the compound. Steady-state conditions of aprocitentan were reached after 8 days and accumulation was 3-fold. At a steady state, AUC and C~max~ were dose proportional over the tested dose range. These data support a qd dosing approach. The long t~½~ of the compound could also be convenient for patients treated chronically in case of missing doses, as has been suggested with amlodipine, an antagonist of calcium channels with a half-life of around 40--60 hours also used in the treatment of hypertension.[@b34-dddt-13-949] In that study, lower BP fluctuations were observed after 2 days without treatment compared to diltiazem, which has a shorter t~½~.

Food increased the exposure to aprocitentan in terms of C~max~ and AUC, with geometric mean ratios (fed/fasted) of 1.73 and 1.23, respectively. The increase of C~max~ coupled with the fact that t~max~ was reached about 1 hour earlier indicates a higher rate of absorption of aprocitentan after food intake. It is possible that changes in gastrointestinal pH after food administration might lead to an increased solubility and facilitate the absorption of the drug. However, the change in AUC is smaller than the change in C~max~, meaning that the overall extent of drug absorption is not significantly changed after a high-fat diet.

As the prevalence of hypertension, including RHT, is higher in the elderly population,[@b35-dddt-13-949],[@b36-dddt-13-949] we compared the PK parameters of multiple-dose administration of aprocitentan in elderly and healthy adult subjects. Elderly had an increased exposure in terms of C~max~ and AUC, with geometric mean ratios (elderly/adult) of 1.31 and 1.21, respectively. The increased exposure might be explained, among others, by an age-related decline in renal function in the elderly population.[@b37-dddt-13-949] However, the limited increase in AUC is not considered to be of clinical relevance. Therefore, aprocitentan can be administered with or without food and no dose adjustments for age are needed.

After multiple-dose administration of aprocitentan, plasma ET-1 increased with doses ≥25 mg aprocitentan in a dose-dependent fashion. The effect was more pronounced on Day 10 at a steady state. The increase in plasma ET-1 is attained through blockade of ET~B~ receptors, which are responsible for the clearance of ET-1.[@b38-dddt-13-949] Aprocitentan has a stronger inhibitory effect on ET~A~ than on ET~B~ receptors (inhibitory potency ratio 16:1), meaning that at doses at which an increase in plasma ET-1 can be observed, ET~A~ receptors should be fully blocked by aprocitentan.[@b39-dddt-13-949]

In this study, no treatment-related changes in vital signs were observed. However, this does not exclude that aprocitentan has a BP-lowering effect. The current study was performed in healthy subjects in whom the ET-1 system is not disrupted. In pathological conditions, for example, patients suffering from hypertension, the balance of the ET-1 system is altered,[@b40-dddt-13-949],[@b41-dddt-13-949] which would suggest that treatment with aprocitentan would have a larger impact on BP in patients when compared to healthy subjects. Further clinical data are needed to corroborate this hypothesis.

Clinical trials with ERAs investigating the effect on BP are not numerous, but have shown encouraging results in terms of decrease in BP. For example, macitentan showed a dose-dependent decrease in BP within 4 weeks of treatment in a dose-finding study in patients with mild-to-moderate essential hypertension.[@b42-dddt-13-949] Also, in a proof-of-concept study in hypertensive patients with chronic renal failure, ET~A~ and/or ET~B~ receptor antagonist administration (BQ-123 and BQ-788, respectively) significantly reduced BP compared to placebo.[@b43-dddt-13-949] Further, in a Phase 3 study in patients with RHT, treatment with the selective ET~A~ receptor antagonist darusentan on top of three or more background antihypertensive drugs induced a mean decrease in SBP and DBP of 17/10 mmHg with 50 mg darusentan, 18/10 mmHg with 100 mg, and 18/11 mmHg with 300 mg compared to 9/5 mmHg with placebo. The main AEs in this study were fluid retention and edema,[@b30-dddt-13-949] and development of darusentan was discontinued after it failed to reach its primary endpoints in the reduction of BP in the second Phase 3 study.[@b44-dddt-13-949],[@b45-dddt-13-949]

To ensure that aprocitentan has the potential of an anti-hypertensive treatment, further studies are needed to determine PK parameters in sensitive populations as well as the optimal effective dose(s). For that purpose, a Phase 2 study to assess the effect on BP of different doses of aprocitentan in patients with essential hypertension was conducted (study NCT02603809). Patients with hypertension often suffer from concomitant renal diseases that might interfere with the elimination process of the drug and thereby modify the PK of the compound.[@b8-dddt-13-949] Moreover, since patients with hypertension often display several comorbidities requiring pharmacological treatment,[@b7-dddt-13-949],[@b10-dddt-13-949] the drug--drug interaction potential of aprocitentan needs to be further investigated.

In summary, single- and multiple-dose administration of aprocitentan was well tolerated up to doses of 100 mg qd for 10 days in both healthy adult and elderly subjects. The tolerability, safety, and PK/PD profile of aprocitentan confirms the potential of the drug in the treatment of hypertension and further clinical development of this compound.
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![(**A**) Cardiodynamic evaluation: relationship between aprocitentan plasma concentration and ΔΔQTcF with 90% CI. (**B**) Mean observed and predicted ΔΔQTcF (±90% CI) vs observed median decile plasma concentrations. (**C**) Mean predicted (shaded gray area) ΔΔQTcF (±90% CI) vs observed geometric mean C~max~ plasma concentrations of 5, 25, and 100 mg aprocitentan. In the graphs, the 10 ms threshold of regulatory concern (for the upper bound of the CI around the mean effect on QTc) is indicated, as referred to in the ICH E14 guideline.](dddt-13-949Fig1){#f1-dddt-13-949}

![Arithmetic mean changes (±SD) in baseline-corrected body weight (kg) after once-daily administration of 5, 25, and 100 mg aprocitentan for 10 days in healthy (**A**) and elderly subjects (**B**) (n=6 for 25 mg and 100 mg elderly, and placebo subjects; n=7 for 5 and 100 mg subjects; n=2 for placebo elderly).](dddt-13-949Fig2){#f2-dddt-13-949}

![Arithmetic mean (±SD) plasma concentration vs time profiles of aprocitentan after administration of single doses of aprocitentan to healthy subjects (n=6 for each dose level) in the absence (**A**) or presence (**B**) of food (n=5).](dddt-13-949Fig3){#f3-dddt-13-949}

![Arithmetic mean (±SD) plasma concentration following the last dose administration on Day 10 (**A**) and mean trough plasma concentration--time profiles (**B**) of aprocitentan after once-daily administration of multiple doses of aprocitentan to healthy subjects and 100 mg of aprocitentan to healthy elderly subjects (n=6 for 5, 25, and 100 mg elderly; n=5 in the 100 mg group).](dddt-13-949Fig4){#f4-dddt-13-949}

![Arithmetic mean AUC~τ~ (±SD) of ET-1 on Day 1 (**A**) and Day 10 (**B**) after administration of 5, 25, or 100 mg aprocitentan or placebo once daily for 10 days to healthy subjects (n=6 for 5 and 25 mg; n=5 for 100 mg and placebo).\
**Abbreviations:** AUC~τ~, area under the plasma concentration--time curve over a dosing interval; ET-1, endothelin-1.](dddt-13-949Fig5){#f5-dddt-13-949}

###### 

Clinical study overview

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Study part   Study design            Treatments                                                                                                Actual number of subjects                                                                               Study objectives
  ------------ ----------------------- --------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  A (pilot)    • Open-label            • Single dose of 5 mg aprocitentan                                                                        • Six healthy male and female subjects                                                                  • Determine the dose range to be studied in Part B\
                                                                                                                                                                                                                                                         • To evaluate the tolerability and safety of a single dose of 5 mg aprocitentan

  B (SAD)      • Double-blind\         • Single dose of 25, 100, 300, and 600 mg aprocitentan or placebo\                                        • Eight healthy male and female subjects per dose level (six on active/two on placebo per dose level)   • To evaluate the tolerability and safety of ascending single doses of aprocitentan\
               • Randomized\           • In the 100 mg dose group, subjects returned to receive a single dose of 100 mg aprocitentan with food                                                                                                           • To evaluate the PK and dose- proportionality of aprocitentan in plasma after ascending single doses\
               • Placebo-controlled\                                                                                                                                                                                                                     • To investigate the effect of food on the PK of aprocitentan
               • Parallel-group\                                                                                                                                                                                                                         
               • Single-dose                                                                                                                                                                                                                             

  C (MAD)      • Double-blind\         • Multiple doses of 5, 25, and 100 mg aprocitentan or placebo qd for 10 days                              • Nine healthy male and female subjects in the 5 and 100 mg dose group\                                 • To evaluate the tolerability and safety of ascending multiple doses of aprocitentan in healthy and elderly subjects\
               • Randomized\                                                                                                                     • Eight healthy male and female subjects in the 25 mg dose group\                                       • To evaluate the PK (all subjects), AI (all subjects), and dose- proportionality (excluding elderly subjects) of aprocitentan in plasma after ascending multiple doses Exploratory:\
               • Placebo-controlled\                                                                                                             • Eight healthy elderly male and female subjects in the 100 mg elderly dose group                       • To investigate plasma ET-1 after ascending multiple doses of aprocitentan\
               • Parallel-group\                                                                                                                                                                                                                         • To assess the effect on the QT/QTc interval (excluding elderly subjects)
               • Multiple-dose                                                                                                                                                                                                                           
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** AI, accumulation index; ET-1, endothelin-1; MAD, multiple ascending dose; PK, pharmacokinetics; qd, once daily; SAD, single ascending dose.

###### 

Overview of reported main AEs by treatment after single-dose administration (Parts A and B) and multiple-dose administration (Part C) of aprocitentan

                                              Parts A and B   Part C                                                          
  ------------------------------------------- --------------- -------- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
  Number of subjects with at least one AE     1               2        3    1    4    6    4    1    4    4    5    5    4    1
  Total number of AEs                         3               6        4    1    4    16   8    2    7    7    7    11   10   1
  Headache                                    1               --       1    --   2    6    2    --   1    1    5    4    --   --
  Nausea                                      --              1        --   --   1    1    1    1    1    --   --   1    --   --
  Postural orthostatic tachycardia syndrome   --              1        --   --   1    1    1    --   --   --   1    --   1    --
  Nasal congestion                            --              --       --   --   --   2    1    --   1    1    --   --   --   --
  Dizziness                                   --              1        1    --   --   --   --   --   --   --   --   --   --   --
  Constipation                                --              --       2    --   --   --   --   --   --   --   --   --   --   1
  Somnolence                                  --              --       --   --   --   --   --   --   --   1    --   --   1    --
  Upper respiratory tract infection           --              --       --   --   --   --   --   --   1    --   1    --   --   --
  Rash                                        --              --       --   --   --   --   --   --   1    --   --   --   1    --
  Oropharyngeal pain                          --              1        --   --   --   --   --   --   --   --   --   --   1    --
  Myalgia                                     --              --       --   --   --   --   --   1    --   --   --   1    --   --

**Notes:** Only AEs reported by more than one subject in the study are reported. AEs reported more than once by the same subject were counted only once.

**Abbreviations:** AE, adverse event; qd, once daily.

###### 

Plasma pharmacokinetic parameters of aprocitentan after single- and multiple-dose administration for 10 days once daily in healthy subjects and healthy elderly subjects

  Study part       Dose    n                      C~max~ (µg/mL)      t~max~ (hours)                AUC~0--t~ (µg×h/mL)           AUC~0--∞~ (µg×h/mL)       AUC~τ~ (µg×h/mL)       t~1/2~ (hours)         PTF                    AI
  ---------------- ------- ---------------------- ------------------- ----------------------------- ----------------------------- ------------------------- ---------------------- ---------------------- ---------------------- -------------------
  A                5 mg    6                      0.35 (0.25, 0.49)   3.0 (3.0, 5.0)                17.74 (13.60, 23.13)          18.32 (14.13, 23.75)                             41.3 (36.9, 46.3)                             
  B                25 mg   6                      1.58 (1.28, 1.95)   4.0 (4.0, 4.0)                78.09 (61.62, 98.97)          80.73 (62.86, 103.66)                            45.0 (37.4, 54.0)                             
  100 mg fasted    6       3.76 (2.96, 4.77)      9.0 (4.0, 10.0)     244.14 (191.04, 312.00)       254.26 (198.20, 326.18)                                 46.8 (40.1, 54.6)                                                    
  100 mg fed       5       5.98 (5.10, 7.01)      5.0 (5.0, 12.0)     292.63 (195.99, 436.92)       304.10 (206.83, 447.14)                                 50.5 (39.0, 65.4)                                                    
  300 mg           6       10.82 (7.08, 16.54)    8.5 (4.0, 24.1)     776.14 (504.99, 1,192.87)     800.72 (516.97, 1,240.20)                               42.9 (39.2, 47)                                                      
  600 mg           6       14.09 (10.79, 18.40)   9.0 (4.0, 36.0)     1,273.57 (853.61, 1,900.14)   1,339.46 (887.25, 2,022.14)                             44.3 (40.9, 47.9)                                                    
  C: Day 10        5 mg    6                      0.83 (0.70, 0.99)   4.00 (3.0, 6.0)                                                                       15.66 (12.89, 19.02)   48.83 (44.22, 53.92)   42.25 (34.79, 51.31)   3.09 (2.64, 3.61)
  25 mg            6       3.57 (2.67, 4.77)      4.50 (3.0, 9.0)                                                                 69.48 (52.44, 92.05)      45.69 (38.73, 53.89)   43.07 (38.52, 48.16)   2.96 (2.68, 3.27)      
  100 mg           5       13.41 (10.84, 16.57)   7.00 (4.0, 10.0)                                                                265.48 (220.09, 320.23)   41.60 (37.80, 45.78)   41.92 (26.17, 67.15)   3.78 (3.01, 4.75)      
  100 mg elderly   6       17.62 (12.41, 25.03)   6.00 (4.0, 7.0)                                                                 320.29 (234.26, 437.92)   44.71 (42.23, 47.34)   56.22 (44.94, 70.33)   3.80 (3.22, 4.48)      

**Note:** Data are expressed as geometric mean (and 95% CI) or as median (and range) for t~max~.

**Abbreviations:** AI, accumulation index; AUC~τ~, area under the plasma concentration--time curve over a dosing interval; AUC~0--∞~, area under the plasma concentration--time curve from zero to infinity; AUC~0--t~, area under the plasma concentration--time curve from zero to time t of the last measured concentration above the limit of quantification; C~max~, maximum plasma concentration; PTF, peak-trough fluctuation; t~½~, terminal half-life; t~max~, time to reach maximum plasma concentration.

###### 

Dose proportionality and influence of food, sex, and age

  Comparison                           Parameter                                           Slope estimate                 90% CI       Critical interval for slope
  ------------------------------------ --------------------------------------------------- ------------------------------ ------------ -----------------------------
  Dose proportionality single dose     C~max~                                              0.78                           0.73, 0.84   0.86, 1.14
  AUC~0--∞~                            0.90                                                0.85, 0.96                     0.86, 1.14   
  Dose proportionality multiple dose   C~max~                                              0.93                           0.85, 1.00   0.77, 1.23
  AUC~τ~                               0.94                                                0.87, 1.02                     0.77, 1.23   
  **Comparison**                       **Parameter**                                       **Ratio of geometric means**   **90% CI**   
  Fed vs fasted                        t~max~[a](#tfn6-dddt-13-949){ref-type="table-fn"}   −1.0                           −4.0, 1.5    
  C~max~                               1.73                                                1.51, 1.98                                  
  AUC~0--t~                            1.24                                                1.07, 1.43                                  
  AUC~0--∞~                            1.23                                                1.07, 1.41                                  
  t~1/2~                               1.05                                                0.96, 1.15                                  
  Females vs males                     C~max~ (single dose)                                1.25                           1.01, 1.49   
  AUC~0--∞~ (single dose)              1.27                                                1.07, 1.52                                  
  C~max~ (at steady state, LDI)        1.38                                                1.18, 1.60                                  
  AUC~τ~ (at steady state, LDI)        1.37                                                1.21, 1.56                                  
  Elderly vs adults                    t~max~[a](#tfn6-dddt-13-949){ref-type="table-fn"}   −1.5                           −4.0, 2.0    
  C~max~ (LDI)                         1.31                                                0.97, 1.78                                  
  AUC~τ~ (LDI)                         1.21                                                0.92, 1.58                                  
  t~1/2~                               1.07                                                1.00, 1.16                                  

**Note:**

For t~max~, data presented are medians of the difference (fed -- fasted and elderly -- adult) and 90% CI of the median.

**Abbreviations:** AUC~τ~, area under the plasma concentration--time curve over a dosing interval; AUC~0--∞~, area under the plasma concentration--time curve from zero to infinity; AUC~0--t~, area under the plasma concentration--time curve from zero to time t of the last measured concentration above the limit of quantification; C~max~, maximum plasma concentration; LDI, last dosing interval; t~½~, terminal half-life; t~max~, time to reach maximum plasma concentration.
